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The present study represents an investigation of a novel stirred bioreactor for culture of a transformed cell line under deﬁned
hydrodynamic conditions in vitro. Cell colonies of the EL-4 mouse lymphoma cell line grown for the ﬁrst time in a rotating
disc bioreactor (RDB), were observed to undergo changes in phenotype in comparison to standard, static ﬂask cultures. RDB
cultures, with or without agitation, promoted the formation of adherent EL-4 cell plaques that merged to form contiguous tumor-
like masses in longer-term cultures, unlike the unattached spheroid aggregates of ﬂask cultures. Plaques grown under agitated
conditions were further altered in morphology and distribution in direct response to ﬂuid mechanical stimuli. Plaque colonies
growth in RDBs with or without agitation also exhibited signiﬁcant increases in production of interleukin-4 (IL-4) and lactate,
suggesting an inducible “Warburg eﬀect.” Increases in cell biomass in RDB cultures were no diﬀerent to ﬂask cultures, though
a trend toward a marginal increase was observed at speciﬁc rotational speeds. The RDB may therefore be a suitable alternative
method to study mechanisms of tumor progression and invasiveness in vitro, under more complex physicochemical conditions
that may approximate natural tissue environments.
Copyright © 2007 George A. Thouas et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION
In vitro models of tumor biology are useful to better under-
stand the biological processes that underlie neoplasia, such
as tumor invasiveness [1] and angiogenesis [2]. These ap-
proaches utilize standard culture vessels (e.g., ﬂasks, Petri
dishes, or well plates) which are essentially variable sized,
ﬂat-bottomed plastic containers of millilitre capacity. For in
vitro assays such as these, standard culture vessels are of-
ten modiﬁed by inclusion of adhesive monolayers and gel-
like substrates [3]. Another important physical characteris-
tic that is not normally included in vitro during tissue cul-
ture is hydrodynamics, which occurs naturally in living tis-
sues. Hydrodynamic regimes are common operational fea-
tures of many bioreactor and perfusion ﬂow systems, both
experimentally and commercially. A recent trend has been
the widespread modiﬁcation of these systems for tissue cul-
ture applications with incorporation of physiological charac-
teristics (e.g., mimetic oxygenation and nutrient mass trans-
fer characteristics) with prolonged culture sustainability, and
for scalability of high-throughput processes such as in phar-
maceutical production [4]. The eﬃcacy testing of bioreactor
designs for mammalian tissue culture applications has often
involved the use of transformed cell lines [5–8], due to their
robustness and uniformity of growth for quantitative analy-
sis. In relation to cancer biology, bioreactors have also shown
furtherutilityinthedevelopmentofantineoplastictherapeu-
tic strategies [9, 10].
Tissue culture bioreactors may also be useful for the elu-
cidation of tumor cell progression under deﬁned physic-
ochemical conditions, such as under variable oxygen ten-
sions and cell densities [11]. The potential improvements
in the homogeneity of bioreactor cell populations for this
purpose, as observed previously in comparison to standard
vessels [12], may also be valuable for obtaining more re-
liable metabolic information about neoplastic phenotypes,
with relevance to renewed interest in aberrant biochemical
biomarkers of neoplasia for ongoing improvement of diag-
nostics and therapeutics [13, 14]. In the present study, a
novel rotating disc bioreactor (RDB) was investigated for
its eﬃcacy in propagating a cancer cell line, with a view to
develop a biomimetic model of tumor progression. Basic2 Journal of Biomedicine and Biotechnology
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Figure 1: Schematic of the rotating disc bioreactor. Diagrammatic
representationoftheprototyperotatingdiscbioreactorrigdesigned
for mammalian cell culture.
phenotypic features of mouse lymphoma (EL-4) cells [15],
grown in suspension within stirred RDB vessels, were as-
sessed in comparison to unstirred and standard static cul-
tures in the present study.
2. METHODS
2.1. Bioreactorconstructionandmodiﬁcation
forcellculture
The RDB rig was constructed as a support for an ar-
ray of motorized disc impellers in vertical alignment with
ﬁxed, presterilized polystyrene jars (75-9922-412, Sarstedt,
Numbrecht, Germany) (Figure 1). The entire rig was de-
signed to be mounted within the tissue culture incubator
(Figure 2) with a view to future modiﬁcation as a stand-
alone unit. The double-shelved platforms were constructed
fromhard-anodizedaluminium,withsixvariablespeedstep-
per motors (SD17, Sanyo-Denki, Tokyo, Japan) ﬁxed to the
upper shelf. Each motor supported machined solid metal
impellers (diameter = 25mm, thickness = 10mm, surgi-
cal/pharmaceutical grade 316 stainless steel) in axial align-
ment with the jars. Motors were connected individually by
cable to a digital-to-analog motion controller (PXI, National
Instruments, Austin TX, USA) situated outside the incuba-
tor. The RBD rig and impellers were washed in a nonpyro-
genic detergent, rinsed with ﬁltered water and autoclaved be-
fore installation.
Calculation of the rotational speed of the motors was
based on the inertia-to-viscosity ratio (Reynolds number,
Re) pertaining to axial ﬂuid ﬂow in a cylinder [16], deﬁned
by the equation
Re =
Ωr2
ν
,( 1 )
where r represents the disc radius (0.025m), ν represents
the kinematic viscosity of the culture solution (1.592 ×
10−6 kgm−1s−1 at 37◦C) measured using a Couette viscome-
ter (RFS II Rheometrics, Piscataway, NJ, USA), and Ω repre-
sents the angular velocity of the disc (rad.s−1 or 60/2π rpm).
A volume of 50ml contained in the RDB vessels used in this
study was used to give ﬂuid aspect ratio of height/radius
≈ 2. Previous observations using ﬂuid mechanics models
have demonstrated a well-blended [17] and well-oxygenated
[18] laminar ﬂow using similar ﬂuid aspect ratios in a stirred
cylinder. Use of a disc impeller situated at the ﬂuid surface
rather than at the cylinder base was chosen in this study
to avoid leakage problems previously observed for the lat-
ter design [16] and potential contamination and biochemi-
cal degradation problems that may result from any form of
leakage.
2.2. Computationalmodelingofbioreactor
ﬂuidﬂowpatterns
Preliminary numerical simulations of ﬂuid ﬂow within
RDBs, with dimensions of jars and impellers as outlined
in the previous section, were performed using custom en-
coded ﬂuid dynamics simulation software based on pub-
lished methods [19]. Previous simulations of stirred cylin-
drical vessels have demonstrated an axisymmetric laminar
vortex that recirculates, so that ﬂow along the rotating base
moves radially out toward the vessel wall [17, 20] and in-
ward toward the axis near the ﬂuid surface. In conﬁrmation
ofthose studies, asimilarlaminarﬂow patternwassimulated
for the RDB, a surface disc, with more elongated streamlines
athighermixingrates,indicatingmoreeﬃcientrecirculation
of ﬂuid from the lid to the vessel base (Figure 3) and im-
plying potentially more eﬃcient oxygenation. The use of a
smaller diameter disc is also considered to be potentially less
inhibitory to oxygen diﬀusion than those of diameters closer
to the vessel diameter. For the present experiment, a range of
rotational speeds of 0.7–70rpm (Re = 10–1000) were arbi-
trarily tested for their eﬀects on cell growth. Lower Re val-
ues of the order of 10–100 are in accordance with values
tested in other suspension bioreactors [6, 18]. Values of Re
of 100–1000 represent previously untested values for a cell
culture RDBs that correspond to eﬃcient ﬂuid mixing and
subsequent oxygenation, though with the addition of poten-
tially more damaging average shear stresses above Re = 600
(Figure 4).
2.3. Preparationofcellcultures
EL-4 lymphoma cells were chosen for their robustness in
culture, their growth as suspended aggregates, their utility
for hybridomas for previous bioreactor studies [15, 21, 22],
and for their sensitivity to mechanical stimuli [23]. EL-4
cells have also not previously been grown in bioreactor cul-
tures. Frozen stocks of EL-4 cells were thawed and prepared
for culture according to a generic immunology laboratory
protocol [24], with the exception of the use of advanced
minimal essential medium (Cat. no., 2492-013; Invitrogen,George A. Thouas et al. 3
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Figure 2: Photographs of the rotating disc bioreactor. (a) The bioreactor array prior to installation into a cell culture incubator. (b) Installed
bioreactor with ﬁxed vessels containing culture solutions with seeded EL-4 cells.
Carlsbad, Calif, USA) supplemented with 10% fetal calf
serum ((FBS), Cat. no.10099-133, Invitrogen) as the culture
solution. Thawed aspirates were centrifuged (500g, 5min,
4◦C) and resuspended in this medium before seeding at a
densityof10–20,000cell/mlin5mlaliquotsculturesolution,
allocated to 6-well tissue culture plates (Falcon 353046, BD)
pre-equilibratedinatissuecultureincubator(BB15,Heraeus
GmbH, Hanau, Germany, 37◦C, humidiﬁed atmosphere 5%
CO2 in air). Seeded cultures underwent post-thaw recovery
for 1-2 weeks before exponential population expansion. Es-
tablished cultures were then maintained in this growth phase
by twice-weekly subculture in tissue culture ﬂasks.
For culturein RDB vessels, postexpansion EL-4 spheroids
were resuspended in fresh, pre-equilibrated culture solution
at a density of 10–15,000cells/ml. Aliquots of 50ml were
then allocated from this pool to individual RDB vessels (test
groups) or tissue culture ﬂasks (control group). Bioreactor
vessels were secured to the bottom shelf of the RDB rig with
the impeller disc partially submerged and in continuous ro-
tation throughout the culture period.
2.4. Assessmentsofcellgrowthandmorphology
CellpopulationsintissuecultureﬂasksandRBDvesselswere
quantitated by a packed cell volume (PCV) method designed
for suspension bioreactors, using pre-calibrated PCV cen-
trifuge tubes (TPP, Trasadingen, Switzerland) as described
previously [25]. A calibration curve of cell density versus
PCV was prepared with serially diluted aliquots of an ex-
panded EL-4 culture of known density as determined by
haemocytometer counts. The curve of best ﬁt for this cali-
bration was found to be y = 2.5652x3− 25.022x2 + 102.35x
+ 0.3642 (R2= 1; x = PCV tube capillary level (μm); y =
cell density (x103 cells/ml)). For RDB cultures, samples were
removed after manual agitation to obtain a turbid solution
with a visible absence of adherent colonies at the plastic base
(the relatively loose substrate adhesion of EL-4 aggregates
has been described previously [26], and in the present study
negated the need for scraping or enzymatic digestion). Du-
plicate 1ml samples of RDB suspensions were removed and
assessed for PCV at the completion of culture, converted to
cell density using the standard curve. Diﬀerences between
seeded and postculture values of cell density were divided by
the number of culture days and expressed as rations of daily
biomass increase. Gross morphology of EL-4 cell colonies
grown in RBD vessels and ﬂask cultures was observed with
a dissection microscope. Images were captured using a dig-
ital CCD camera mounted on the microscope in conjunc-
tionwithimageacquisitionsoftware(ArcSoft,FremontCalif,
USA). Values of colony dimensions were quantitated manu-
ally from the same image data using the image processing
software (Scion Image, Scion Corp, Frederick, Md, USA).
2.5. Metabolicassays
Metabolic assessments of culture solution were assayed as
a biochemical indicator of cell growth in response to al-
tered physicochemical conditions, as described previously
[27,28].Theconcentrationsofglucoseandlactateweremea-
sured simultaneously for individual medium supernatants
taken from RDB vessel and ﬂask cultures after centrifugation
of cells. Assays were performed using proprietary enzyme-
based colorimetric assay kits in conjunction with an au-
tomated ultraviolet/visible spectrophotometer system (Syn-
chron LX, Beckman Coulter, Fullerton, Calif, USA). Mil-
limolar concentrations of glucose and lactate measured in
spent culture solutions were compared to values measured in
samples of unseeded culture solutions. Daily lactate produc-
tion was compared to daily glucose consumption as a ratio,
which was then corrected for daily increase in biomass.
2.6. Cytokineassays
Single-cell production of the cytokine interleukin-4 (IL-
4) was measured using a proprietary enzyme-linked im-
munosorbent spot (ELISPOT) assay kit (Autoimmune Di-
agnostics, Strassberg, Germany). Expression of the same cy-
tokine by EL-4 cells has been described previously [21],
with diﬀerential expression in hybridoma cells produced4 Journal of Biomedicine and Biotechnology
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Figure 3: Computational modeling of ﬂuid ﬂow patterns in the RDB. (a) Cross sectional streamlines emanating from ﬂuid surface in the
vicinity of the ﬂuid surface, demonstrating a laminar ﬂow vortex pattern. (b) Simulated trajectory of a single semibuoyant particle (an
idealized cell aggregate) moving passively in response to ﬂow in the meridional direction. (c) Three-dimensional simulation of the same
particle from (b) after having been seeded near the ﬂuid surface, and coming to rest passively near the RDB vessel centre.
in bioreactors under variable shear rates [27]. Samples of
between 106 and 107 cells isolated from RDB vessel and
standard cultures were incubated at decreasing dilutions
overnight in multi-well plates precoated with anti-mouse
monoclonal antibodies to adhesive polymer membranes.
The secreted IL-4 captured on membranes was then incu-
bated with biotinylated secondary antibodies after cell re-
movalandreactedwithachromagensubstratetomonochro-
matic spots. Individual wells were analyzed spectrophoto-
metrically and assigned arbitrary spot forming units (SFU),
in comparison to internal positive control cells (splenocytes)
and in response to the control antigen concanavalin A.
2.7. Statisticalanalysis
Mean values of cell biomass increase and ELISPOT SFU val-
ues were log-transformed (log function) and compared us-
ing Tukey’s ANOVA. The normality of biomass increase ra-
tios in stirred and unstirred bioreactors was tested using the
Kolmogorov-Smirnovtest.RatiosoflactateandIL-4produc-
tion between RDB vessels and ﬂasks were log-transformed
and compared using an unpaired t test. Only diﬀerences be-
tweenmeanswitha p-valueof0.05orlesswereincluded,and
considered biologically signiﬁcant.
3. RESULTS AND DISCUSSION
3.1. MorphologicalobservationsofEL-4bioreactor
cultures
After seeding, EL-4 cell colonies grown in RDB vessels set-
tled randomly to the vessel base within hours, and remained
there for the duration of culture. At the completion of cul-
ture, RDB vessels (without agitation) were observed to con-
tain irregularly shaped, adherent plaques dispersed evenly
acrossthevesselbase(approx.40plaques/cm2)(Figure 5(a)).
Circumferentially, these plaques were ﬂattened and densely
packed, whereas centrally the plaques had merged to form aGeorge A. Thouas et al. 5
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Figure 4: Relationship between ﬂuid shear stress and location at the
RDB vessel base. Compuational simulation of shear stresses calcu-
lated at the vessel base with respect to distance away from cen-
tre axis, expressed as the ratio of base radius (r) to the impeller
disc radius (rdisk)(Pa = pascal). The term “dimple” represents the
small dome-shaped manufacturing artefact observed in the centre
all RDB disposable vessels, representing a nonideal boundary.
contiguousconﬂuentlayer.Intheinterveningareaoftheves-
sel base, plaques presented as discrete adhesions with asym-
metric boundaries, in either a focal punctate form (approx.
of 200μm in diameter) or a ﬂattened discoid form (approx.
500μm in diameter).
Compared to RDB vessels cultured without agitation,
cultures that had been agitated contained larger discoid
plaques (approx. 800 μm diameter) that were fewer in num-
ber (approx. 7 plaques/cm2) and located predominantly near
the vessel circumference (Figure 5(b)). In addition, these
plaques were generally circular and discoid with smooth
edges, and with approximately half of the plaques exhibiting
a more oval shape with the longer axis aligned with the axial
ﬂow direction. A centrally located discoid tumor-like mass
of conﬂuent cells was also observed in stirred RDB vessels,
which could be maintained for several weeks (Figure 5(c)).
While ﬂask control cultures also exhibited some partially ad-
herent colonies, a majority of the colonies were irregularly
shaped, suspended spheroids (approx. 50–200 μm) that were
macroscopically visible in solution (Figures 5(d), 5(e)).
Variable rates of impeller stirring of RDB vessels resulted
in a trend toward an increase at Re = 600, when compared
directly to biomass increases in unstirred RBD vessels from
the same replicate experiment (Figure 6). The distribution of
these ratios was also found to be statistically normal when
compared to a Gaussian distribution using the Kalmogorov-
Smirnov test. Thediscoid plaque morphology of EL-4 cells
grown in RDB vessels under agitated conditions was ob-
served at all of Re values, although overall there was no sig-
niﬁcant change in biomass increase per day of culture, either
with stirring at Re = 600 (5.42±1.1− fold, n = 6) or without
stirring (5.30 ±1.1− fold, n = 6), compared to ﬂask cultures
(6.11 ±0.94− fold, n = 6) (Figure 7).
3.2. Metabolicandimmunologicalobservationsof
EL-4bioreactorcultures
Cultures in RDB vessels were usually accompanied by a more
notable acidiﬁcation of the medium, as suggested by a more
pronounced yellowing of the culture solution phenol red in-
dicatorincomparisontoﬂaskcultures.Thisacidiﬁcationwas
a consequence of signiﬁcantly higher proportions of lactate
produced by EL-4 cells relative to glucose consumption, in
stirred RDB vessels (1.283 ± 0.09, n = 4) compared to ﬂask
cultures (0.935 ± 0.04, n = 4, p<0.05), with no diﬀerences
observed between stirred and unstirred (1.281 ± 0.10) RDB
cultures (Figure 8). Culture of EL-4 cells in RDB vessels was
alsoaccompaniedbysigniﬁcantincreaseintheproductionof
IL-4, either with stirring (938 ± 81 SFU, p<0.05) or with-
out stirring (1114 ± 138 SFU p<0.01), compared to ﬂask
controls (386 ± 16 SFU) (Figure 9).
3.3. Effectsofphysicochemicalconditionsin
bioreactorsonEL-4colonyphenotype
The plaque phenotype of EL-4 cells aggregates cultured in
bioreactors is suggestive of increased adhesion to the plastic
substrate. Considering that this adherent phenotype was ob-
servedunderbothstirredandunstirredcultureconditions,it
is most likely that the phenotypic transformation was related
to the potentially hypoxic environment. One reason for oxy-
gen deprivation is its potentially limited diﬀusion to basally
locatedcells,duetoarelativelylargeﬂuidheight(35–40mm)
compared to tissue culture ﬂasks (5–10mm), as well as dif-
ferences in ﬂuid surface area. It has been shown theoretically
that oxygen transport eﬃciency in stirred RDBs can be tre-
bled by simply halving the ﬂuid level despite mixing at val-
ues greater than Re = 1200 [18]. Initial testing of free stand-
ing, open RDB vessels with EL-4 cultures using similar levels
of culture solution used in tissue culture ﬂasks resulted in
spheroid morphologies, as opposed to adherent plaques (re-
sults not shown). A ﬂuid height aspect approximately equal
to the diameter of RBD vessels was however maintained for
the present study, since atmospheric oxygen was used during
culture and hypoxic conditions (of the order of less than 5%)
are more akin to the physiologically relevant values occur-
ring within normal living tissues and solid tumors. There-
fore, RDB vessels of these aspect ratios may represent a nor-
moxic and potentially protective environmental against ox-
idative stresses (discussed in [29]).
In support of responses to a hypoxic environment is the
observed increase in the conversion of glucose to lactate by
EL-4 cells under stirred and unstirred bioreactor conditions,
indicating increased anaerobic respiration. This is reminis-
cent of the so-called “Warburg eﬀect” [30], a hallmark of
cancer cells types due to abnormalities in aerobic glycolysis
that cause ineﬃcient oxygen metabolism, increased anaer-
obic glucose-to-lactate conversion, and increased sensitivity
to aerobic conditions (reviewed in [31, 32]). Of particular
importance is a recent report of the up-regulated expres-
sion of genes coding for a range of cell-substrate adhesion
molecules in human colon cancer cells grown in vitro under
hypoxic conditions [33]. Taken together with more generic6 Journal of Biomedicine and Biotechnology
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Figure 5: Micrographs of bioreactor cultures. (a) Base of a sector of an RDB bioreactor vessel following culture of EL-4 cells (without impeller
agitation). EL-4 cells are dispersed across the surface as irregularly shaped plaques, with plaques merging into more conﬂuent, continuous
layers centrally (C) and along the circumferential edge (E), near the vessel side-wall. Intervening plaques located closer to the sidewall appear
more focal punctate (FP) compared to more centrally located ﬂattened discoid plaques (FD). (b) Base of a bioreactor vessel following culture
of EL-4 cells with impeller agitation. Adherent plaques are larger discoid plaques, predominantly located centrally (C) and circumferentially
(E), with a larger conﬂuent tumor-like plaque with similarly smooth and ﬂattened discoid appearance. (c) Magniﬁed image of the central
aggregate or “tumor” appearing in (b) showing a discoid, opaque colony with smooth edges. The centre of the plaque appears transparent
due to a central dimple (manufacturing artefact) located on the plastic surface, a manufacturing artefact of the vessel over which a type of
attenuatedmonolayerisvisible(M).(d)ImageofEL-4aggregatesofvariablesize,asviewedwithinastatictissuecultureﬂasks.(e)Magniﬁed
image of EL-4 spheroid aggregates and disaggregated single cells contained on a hemocytometer slide, showing that spheroids are comprised
of a homogeneous colony of densely packed, adherent cells. Scale bar = 10mm (a)–(d) and 0.25mm (e).
evidence, including associations between tumor adhesive-
ness and (reviewed in [34]) the ability of hypoxia to promote
tumor progression and angiogenesis [35, 36], it is plausible
that the plaque morphology represents an invasive pheno-
type. The observation of signiﬁcantly increased antigenicity
of EL-4 cells in RDB cultures for IL-4 known to be among a
group of over-expressed cytokine markers of malignant lym-
phomas (reviewed in [37]) further establishes the plaques as
an invasive phenotype. Further investigations, such as cul-
ture of EL-4 plaque-derived cells in three dimensional adhe-George A. Thouas et al. 7
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Figure 6: Eﬀe c to fs t i r r i n gr a t eo nc e l lg r o w t hi nb i o r e a c t o r s .Graph
of the biomass increase of EL-4 cell colonies after culture in stirred
rotating bioreactors at a range of rotational speeds, compared to no
rotation.
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Figure 7: Cell growth in bioreactors versus standard vessels. Graph
of biomass increase in EL-4 colonies after culture in rotating disc
bioreactors with stirring (Re = 600) or without stirring, compared
to values of static ﬂask cultures. Bars represent a mean of 6 experi-
mental groups; error bars represent standard error of that mean.
sion cultures [1], or following small animal inoculation may
shed further light on this notion.
The variations in morphology of EL-4 plaques in stirred
RDB vessels compared to those grown in static RDB vessels
suggest a more distinct biological response to local mechan-
ical stimulation. The potentially marginal improvement in
EL-4 cell biomass increase indicated at Re values of around
600 conﬁrms a potential shear-sensitivity of these cells as
observed previously for cancer cell lines in other bioreac-
tor types [6, 38], although the RDB vessels have far lower
maximal and local shear distributions [17], which are fur-
ther ameliorated by the use of serum in the culture solution
[39]. Interestingly, the accumulation of a majority of EL-4
cells in a central aggregate occurred in a region of low-shear
stress [16, 17] and high oxygenation [18]. While these re-
gions may therefore be relatively less cytotoxic, accumula-
tion of plaques here is more likely to represent a physical
response of the spheroids to the ﬂuid ﬂow characteristics,
causing centrifugation of entrapped aggregates [40]a sp r e -
dicted by the computational simulations (Figure 3(a)). For
instance, plaques were notably absent from the intervening
surface between the centre and the circumference of the ves-
sel base, which corresponds to the highest regions of aver-
age shear stress at this boundary (Figure 4). Also, circumfer-
entially located plaques are likely to have formed from ag-
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Figure 8: Lactate production in bioreactor cultures. Graph of lactate
production by EL-4 colonies after culture in rotating disc bioreac-
torswithstirring(Re =600)orwithoutstirring,comparedtovalues
of static ﬂask cultures. Bars represent the means of 3 experimental
groups; error bars represent standard error of the mean; the asterisk
pertains to P<. 05.
gregates entrapped in the simulated corner eddy evident at
lower Reynolds numbers (Figure 3(a)). Furthermore, the ap-
parently streamlined proﬁle of these smaller discoid plaques
suggests a response to gradual meridional shearing, which is
also reﬂected in the streamlined and sharply edged central
masses of EL-4 cells located centrally. Overall, these biome-
chanicalstimuliarelikelytoinﬂuencehowandwheresmaller
aggregates coalesce to form larger ones, as indicated by the
lowernumberofdiscoidplaquesoccupyingarelativelylarger
surface area.
In biological terms, the morphology of the discoid
plaques grown under stirred conditions could be regarded
as similar to types of spherical metastatic lymphoma nod-
ules observed in solid tissues observed in vivo, such as in
the kidney and liver following EL-4 cell inoculation and
lodgement within discrete tissue micro-environments [41].
In such cases, physical entrapment of cells may inevitably
promote focal adhesions, resulting in increased rates of ex-
pansion of the lymphomas in situ. The precise biological
consequences of the discoid plaque morphology remains to
be determined, however a potential amelioration of IL-4 se-
cretion by EL-4 cells in stirred RDBs rather than unstirred
RDBs (Figure 9) warrants further investigation, especially in
light of reported modulations of cytokine secretion by hy-
bridomasundermodiﬁedhydrodynamicconditions[23,42].
3.4. Futureprospectsforbioreactorsasaresearch
toolforcancerbiology
The rotating disc bioreactor appears to be comparable to
standard culture vessels for supporting the propagation of
a cancer cell type in vitro. This study also demonstrates
the feasibility of directly adapting generic biotechnologies
to research applications with downstream applications to
biomedical sciences. The versatility of bioreactor approaches
is illustrated in a number of relevant applications, including
isolation of rare forms of cancer stem cells [10], assessment
of cancer pharmacological strategies [9]a n df o rs y s t e m a t i c
regeneration of a range of solid tissue types as replacements
for those damaged or surgically removed as a consequence
of cancer (reviewed in [43]). While the described RDB de-8 Journal of Biomedicine and Biotechnology
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Figure 9: Cytokine production in bioreactor cultures. Graph of
interleukin-4 production by EL-4 colonies after culture in rotating
disc bioreactors with stirring (Re = 600) or without, compared to
values of static ﬂask cultures. Bars represent the means of 3 experi-
mental groups; error bars represent standard error of the mean; the
asterisk pertains to P<. 05.
sign probably requires further reﬁnement for mammalian
cell culture (e.g., optimization of ﬂuid heights, impeller loca-
tion, stirring frequency, inclusion of perfused solutions, au-
tomation ofcontrol,and environmental sensing) this simple,
scalable, and economical form of stirred culture bioreactor
could be amenable to a variety of research applications in
cancer biology. In addition to modelling the eﬀects of hy-
poxia, possibilities include establishment of more eﬀective
three-dimensional tumor constructs, modeling of long-term
tumor progression, alternative large-scale generation of hy-
bridomas for tumor antibody production, and development
of improved multicellular spheroid cocultures for angiogen-
esis models [44].
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